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$OWKRXJK UREXVWQHVVRIWHQ LVFLWHGDV DGHVLUDEOHSURSHUW\RID V\VWHPDZLGHO\DFFHSWHGDSSURDFK IRUTXDQWLI\LQJ LW UHPDLQV
HOXVLYH,QIRUPDOO\DV\VWHPLVUREXVWLILWDYRLGVWKHGRZQVLGHFRQVHTXHQFHVDVVRFLDWHGZLWKXQFHUWDLQW\RUSHUWXUEDWLRQV3ULRU
DSSURDFKHV WRTXDQWLI\LQJ UREXVWQHVV UHO\RQ WKH VWDQGDUGGHYLDWLRQRI V\VWHP UHVSRQVHVRU WKHH[SHFWHG UDWLRRISHUIRUPDQFH
XQGHUSHUWXUEDWLRQWRQRPLQDOSHUIRUPDQFH%HFDXVHWKHSULQFLSDOXVHIXOQHVVRIDQ\V\VWHPPHWULFLVWRLQIRUPGHFLVLRQVDERXW
WKHGHVLJQRIWKDWV\VWHPZHWXUQWRULJRURXVGHFLVLRQWKHRU\IRUJXLGDQFHRQKRZWRGHDOZLWKWKHFRQFHSWRIUREXVWQHVV:H
ILQG WKDW H[LVWLQJ SURSRVDOV IRU UREXVWQHVV TXDQWLILFDWLRQ DUH LQFRQVLVWHQW ZLWK DFFHSWHG WKHRU\ IRU UDWLRQDO GHFLVLRQ PDNLQJ
5DWKHUWKDQSURSRVHDQDOWHUQDWLYHTXDQWLILFDWLRQVFKHPHZHDUJXHWKDWIXQGDPHQWDOO\WKHUHLVQRQHHGWRTXDQWLI\UREXVWQHVVDV
DQ LQGHSHQGHQW ILJXUHRIPHULW ,QVWHDG V\VWHPV HQJLQHHUV FDQPDNHGHFLVLRQV WKDW IDYRU V\VWHP UREXVWQHVVXVLQJ HVWDEOLVKHG
PHWKRGVEDVHGRQH[SHFWHGXWLOLW\WKHRU\$NH\WRWKLVLVIRUPXODWLQJWKHGHFLVLRQSUREOHPLQWHUPVRIIXQGDPHQWDOREMHFWLYHV






6\VWHPV HQJLQHHUV RIWHQ SRLQW WR UREXVWQHVV DV D GHVLUDEOH TXDOLW\ LQ D V\VWHP DQG VRPHWKLQJ WKDW VKRXOG EH
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DQG VRPHWLPHV DGYRFDWH IRU LWV TXDQWLILFDWLRQ EXW UDUHO\ SURYLGH D FRQFUHWH GHILQLWLRQ RIZKDW LWPHDQV*ULIILQ
DFNQRZOHGJHV WKLV IDFW QRWLQJ WKDW HQJLQHHUV RIWHQ KDYH FRQILGHQFH WKDW D SDUWLFXODU V\VWHP LV UREXVW WKURXJK
³H[SHULHQFHDQGLQWXLWLRQ´EXWWKDW³TXDQWLILDEOHPHDVXUHVRIUREXVWQHVVGRQRWH[LVW´
7KHFKDOOHQJHRITXDQWLI\LQJUREXVWQHVVLVRQHRIVHPDQWLFVQRWPHUHO\PHDVXUHPHQWSURFHGXUH&RPSDUHWKLV
ZLWK WKHTXDQWLILFDWLRQRI DPDWKHPDWLFDOO\XQDPELJXRXV FRQFHSW VXFK DVYHORFLW\2QH FDQGHEDWH WKHPHULWV RI
GHWHUPLQLQJYHORFLW\E\WDNLQJILQLWHGLIIHUHQFHVRISRVLWLRQWLPHPHDVXUHPHQWVRUE\LQWHJUDWLQJDFFHOHUDWLRQWLPH
PHDVXUHPHQWV EXW WKH XQGHUO\LQJPHDQLQJ RI YHORFLW\ LV LQGLVSXWDEOH ,Q FRQWUDVW XVDJH RI WKH WHUP UREXVWQHVV
YDULHVWKURXJKRXWWKHOLWHUDWXUHDQGWKHUHE\FRPSOLFDWHVWKHSURVSHFWRIPHDVXULQJLW
*UDFHIXO GHJUDGDWLRQ LQVHQVLWLYLW\ RI SHUIRUPDQFH WR SHUWXUEDWLRQ  DQG PDLQWDLQLQJ IXQFWLRQDOLW\ GHVSLWH
SHUWXUEDWLRQVDUHDPRQJWKHFRPPRQWKHPHVSUHVHQWLQGHILQLWLRQVIRUUREXVWQHVV3HUWXUEDWLRQVIURPQRPLQDOFDQ
EH HLWKHU LQWHUQDO RU H[WHUQDO LQ QDWXUH7KHVHSHUVSHFWLYHVKLJKOLJKW DGHVLUH RQ WKHSDUW RI HQJLQHHUV WR FUHDWH D





ILJXUH RI PHULW EDVHG RQ D UREXVWQHVV VFRUH +RZHYHU WKH SRWHQWLDO IRU ORJLFDO LQFRQVLVWHQFLHV VKRXOG JLYH






DSSURDFK TXDQWLILHV UREXVWQHVV XVLQJ VHFRQG FHQWUDOPRPHQWV YDULDQFH RU VWDQGDUG GHYLDWLRQ RI WKH XQFHUWDLQW\
GLVWULEXWLRQLQSHUIRUPDQFHUHVSRQVHYDULDEOHV%RWKDSSURDFKHVVFDOHSRRUO\WRODUJHV\VWHPVHQJLQHHULQJSUREOHPV
EHFDXVHWKH\HQWDLODXQLTXHUREXVWQHVVYDOXHIRUHDFKIXQFWLRQRUUHVSRQVHYDULDEOH0RUHIXQGDPHQWDOO\QHLWKHU
DSSURDFK LV PDWKHPDWLFDOO\ FRQVLVWHQW ZLWK QRUPDWLYH GHFLVLRQ WKHRU\ .LWDQR¶V UDWLREDVHG VFKHPH TXDQWLILHV
UREXVWQHVVLQDZD\WKDWFDQDZDUGHTXDOUREXVWQHVVVFRUHVWRV\VWHPVWKDWTXDOLWDWLYHO\KDYHYHU\GLIIHUHQWOHYHOVRI






E PRGHOLQJ V\VWHP SHUIRUPDQFH RYHU WKH HQWLUH UDQJH RI SODXVLEOH RSHUDWLQJ VFHQDULRV LH QRW MXVW QRPLQDO
FRQGLWLRQVFXVLQJDXWLOLW\IXQFWLRQWRPRGHOGHFLVLRQPDNLQJULVNDWWLWXGHRYHUWKHYDOXHD[LVDQGGPDNLQJ
GHFLVLRQV WRPD[LPL]H WKHH[SHFWHGYDOXHRIXWLOLW\7KLVKDUGO\ LVD UHYROXWLRQDU\VXJJHVWLRQDV WKH OLWHUDWXUHRQ
H[SHFWHGXWLOLW\WKHRU\LVH[SDQVLYHDQGWKHQRWLRQRIYDOXHGULYHQGHVLJQKDVUHFHLYHGDWWHQWLRQLQUHFHQW\HDUV




FULWLTXH RI WKH WZR WHFKQLTXHV IURP WKH VWDQGSRLQW RI GHFLVLRQ WKHRU\  )LQDOO\ LQ 6HFWLRQ  ZH JHQHUDOL]H WKH
FULWLTXHRIUREXVWQHVVTXDQWLILFDWLRQVFKHPHVDQGSUHVHQWDKLJKOHYHORYHUYLHZRIKRZV\VWHPVHQJLQHHUVFDQPDNH
GHFLVLRQVLQYROYLQJUREXVWQHVVFRQVLGHUDWLRQVZLWKRXWTXDQWLI\LQJUREXVWQHVVH[SOLFLWO\
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1RUPDWLYH'HFLVLRQ7KHRU\DQG([SHFWHG8WLOLW\7KHRU\
2.1. What is a Normative Decision Theory? 





1RUPDWLYH GHFLVLRQ WKHRU\ W\SLFDOO\ EHJLQVZLWK D VHW RIPDWKHPDWLFDO D[LRPV WKDW IRUPDOL]H WKHPHDQLQJ RI
³ORJLFDO´RU³UDWLRQDO´SUHIHUHQFHV$GHFLVLRQPDNHULVVDLGWRSUHIHUDOWHUQDWLYH$WRDOWHUQDWLYH%LIKHRUVKHOLNHV






2QH FDQ FRQVWUXFW GLIIHUHQW GHFLVLRQ WKHRULHV E\ DVVXPLQJ GLIIHUHQW VHWV RI D[LRPV 6RPH RI WKHVH KDYH OLWWOH




$PRQJ WKH PRUH SRZHUIXO DVSHFWV RI QRUPDWLYH GHFLVLRQ WKHRULHV LV WKHLU SRWHQWLDO WR \LHOG representation 
theorems $ UHSUHVHQWDWLRQ WKHRUHP HVWDEOLVKHV WKDW LW LV SRVVLEOH IRU D GHFLVLRQ PDNHU WR TXDQWLI\ KLV RU KHU
SUHIHUHQFHVXVLQJDPDWKHPDWLFDOIXQFWLRQ²RIWHQFDOOHGDutility function²LIWKHSUHIHUHQFHVDUHFRQVLVWHQWZLWKWKH
D[LRPV RI D SDUWLFXODU WKHRU\ :LWKRXW VXFK D UHVXOW LW ZRXOG EH GLIILFXOW IRU HQJLQHHUV WR IRUPDOL]H DQG
FRPPXQLFDWH ZKDW WKH\ ZDQW ,W GRHV QRW JXDUDQWHH IRU H[DPSOH WKDW DQ\ SDUWLFXODU REMHFWLYH IXQFWLRQ LV
PHDQLQJIXO EXW LW GRHV JXDUDQWHH WKDW DQ LQGLYLGXDOZKRVH SUHIHUHQFHV DUH FRQVLVWHQWZLWK DGHFLVLRQ WKHRU\ FDQ
FUHDWH DQ REMHFWLYH IXQFWLRQ WKDW FRUUHVSRQGV WR WKHLU SUHIHUHQFHV 5HSUHVHQWDWLRQ WKHRUHPV H[LVW IRU QXPHURXV
D[LRPDWLF V\VWHPV LQFOXGLQJ GHFLVLRQV XQGHU FHUWDLQW\ DQG XQGHU XQFHUWDLQW\  5HSUHVHQWDWLRQ WKHRUHPV DOVR





2.2. von Neumann-Morgenstern Expected Utility Theory 
7KHPRVWSURPLQHQWQRUPDWLYHGHFLVLRQWKHRU\LVWKHYRQ1HXPDQQ0RUJHQVWHUQY10H[SHFWHGXWLOLW\WKHRU\
,WLVDWKHRU\IRUGHFLVLRQPDNLQJXQGHUXQFHUWDLQW\6HYHUDODXWKRUVKDYHUHILQHGWKHD[LRPVEXWWKHFRUHUHVXOWV
DQG LPSOLHG GHFLVLRQ PHWKRG KDYH UHPDLQHG FRQVLVWHQW 7KH D[LRPV DUH VWDWHG LQ WHUPV RI SUHIHUHQFHV EHWZHHQ
HYHQWV WKDW KDYH XQFHUWDLQ RXWFRPHV 7KHVH HYHQWV DUH WHUPHG ³ORWWHULHV´ RU ³JDPEOHV´ LQ WKH WKHRU\ $ VLPSOH
ORWWHU\ LV DQ HYHQW WKDW KDV݊ RXWFRPHVݖ௜݅ ൌ ͳǥ݊  VXFK WKDW WKH݅௧௛ RXWFRPH RFFXUV ZLWK SUREDELOLW\݌௜ DQG
σ ݌௜௜ୀଵǤǤ௡ ൌ ͳ 2QH FDQ FRQVWUXFW DUELWUDULO\ FRPSOLFDWHG ORWWHULHV VXFK DV ORWWHULHV WKDW KDYH RWKHU ORWWHULHV IRU
RXWFRPHV/HWܣܤDQGܥGHQRWHORWWHULHVZLWKRXWFRPHVDERXWZKLFKDGHFLVLRQPDNHUFDUHV)XUWKHUPRUHOHWܣ ظ
ܤGHQRWH WKDW D GHFLVLRQPDNHU SUHIHUVܣWRܤܣ ط ܤGHQRWH WKDW VKH SUHIHUVܤWRܣDQGܣ̱ܤGHQRWH WKDW VKH LV
LQGLIIHUHQW EHWZHHQ WKH WZR )LQDOO\ OHWۃܣǡ ݌ǡ ܤۄGHQRWH D ORWWHU\ WKDW UHVXOWV LQܣZLWK SUREDELOLW\݌DQGܤZLWK
SUREDELOLW\ͳ െ ݌2QHFDQVWDWHWKHD[LRPVRIY10H[SHFWHGXWLOLW\WKHRU\DVIROORZV

&RPSOHWHQHVV([DFWO\RQHRIWKHIROORZLQJDUHWUXHܣ ظ ܤܣ ط ܤRUܣ̱ܤ
7UDQVLWLYLW\,Iܣ ظ ܤDQGܤ ظ ܥWKHQܣ ظ ܥ
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p ( )
&RQWLQXLW\,Iܣ غ ܤ غ ܥWKHQWKHUHPXVWEHVRPHSUREDELOLW\݌IRUZKLFKܤ̱ۃܣǡ ݌ǡ ܥۄ
 ,QGHSHQGHQFH,Iܣ̱ܤWKHQۃܣǡ ݌ǡ ܥۄ̱ۃܤǡ ݌ǡ ܥۄ

7KHVH D[LRPV FDSWXUH ZKDW PDQ\ FRQVLGHU WR EH WKH PLQLPXP UHTXLUHPHQWV IRU UDWLRQDO GHFLVLRQ PDNLQJ 7KH
FRPSOHWHQHVV D[LRP HVWDEOLVKHV WKDW D GHFLVLRQPDNHU DOZD\V FDQ GHFLGH EHWZHHQ WZR DOWHUQDWLYHV DOORZLQJ IRU
WLHV7KLVPD\EHTXHVWLRQHGEHKDYLRUDOO\ VLQFHSHRSOH VRPHWLPHV DSSHDUXQDEOH WRPDNHXS WKHLUPLQGVEXW LV
LPSRUWDQWQRUPDWLYHO\ VLQFH WR OHDYH LWRXWZRXOG UHVXOW LQGHFLVLRQPHWKRGV WKDW VXIIHU IURP LQGHWHUPLQDF\7KH
WUDQVLWLYLW\D[LRPDVVHUWVWKDWSUHIHUHQFHVPXVWEHQRQFLUFXODU&RQWLQXLW\LPSOLHVDPRQJRWKHUWKLQJVWKDWWKHUH












7KH ILUVW RI WKHVH VWDWHPHQWV LV WKH UHSUHVHQWDWLRQ WKHRUHP IRU Y10 H[SHFWHG XWLOLW\ WKHRU\ ,W HVWDEOLVKHV WKDW
GHFLVLRQPDNHUV FDQ UHSUHVHQW WKHLUSUHIHUHQFHVPDWKHPDWLFDOO\XVLQJ D VFDODU IXQFWLRQ7KH UHSUHVHQWDWLRQ LVQRW
XQLTXHDVFHUWDLQWUDQVIRUPDWLRQVRIݑሺڄሻ\LHOGH[DFWO\WKHVDPHGHFLVLRQV6SHFLILFDOO\IRUDXWLOLW\IXQFWLRQݑሺڄሻ












2.3. Utility Function Shape and Risk Attitude 
7KHVKDSHRIRQH¶VXWLOLW\IXQFWLRQLVLPSRUWDQW$VRQHZRXOGH[SHFWEDVHGRQWKHUHSUHVHQWDWLRQWKHRUHPUHVXOWV




GHFLVLRQ PDNLQJ DQG HFRQRPLFV OLWHUDWXUH &RQVLGHU DQ XQFHUWDLQ HYHQW LH D ORWWHU\ܮ WKDW SD\V D PRQHWDU\
DPRXQWݖ଴ZLWK SUREDELOLW\݌DQG DPRXQWݖଵZLWK SUREDELOLW\ͳ െ ݌VXFK WKDWݖ଴ ൏ ݖଵ 7KH H[SHFWHG YDOXH RI WKLV
ORWWHU\LVܧሾܮሿ ൌ ݌ݖ଴ ൅ ሺͳ െ ݌ሻݖଵ$risk neutralGHFLVLRQPDNHUZRXOGEHLQGLIIHUHQWEHWZHHQFKRRVLQJWKLVORWWHU\
RU EHLQJ JLYHQ DQ DPRXQW HTXDO WRܧሾܮሿZLWK SUREDELOLW\ RQH 6XFK D GHFLVLRQ PDNHU LV QRW LPSDFWHG E\ WKH
XQFHUWDLQW\ LQ DQ\ZD\ RWKHU WKDQ WKDW LW IDFWRUV LQWR WKH H[SHFWHGYDOXH RI WKH ORWWHU\ ,Q FRQWUDVW D risk averse
GHFLVLRQPDNHUZLVKHVWRDYRLGWKHSRWHQWLDORIHQGLQJXSZLWKWKHOHVVSUHIHUUHGRXWFRPHݖ଴DQGWKHUHIRUHZRXOG
EHLQGLIIHUHQWEHWZHHQWKHORWWHU\DQGVRPHFHUWDLQDPRXQWݖ଴ ൏ ݖ஼ா ൏ ܧሾܮሿ,QRWKHUZRUGVDULVNDYHUWHUFRXOGEH
SDLGWRZDONDZD\IURPWKHORWWHU\IRUDQDPRXQWWKDWLVOHVVWKDQWKHH[SHFWHGRXWFRPHRIWKHORWWHU\$risk taking
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GHFLVLRQ PDNHU ZRXOG UHTXLUH DQ DPRXQW ODUJHU WKDQ WKH H[SHFWHG RXWFRPH WR JLYH XS WKH ORWWHU\ )LQDOO\ ULVN
DWWLWXGH LVD ORFDOFRQFHSWPHDQLQJVRPHRQHPLJKW IRUH[DPSOHEH ULVN WDNLQJUHODWLYH WRD ORWWHU\ۃݖ଴ǡ ݌ǡ ݖଵۄEXW




ݖ א Թ WKDW LV WZLFH GLIIHUHQWLDEOH RQH¶V ORFDO ULVN DYHUVLRQ LV GHILQHG DVݎሺݖሻ ൌ െݑᇱᇱሺݖሻȀݑᇱሺݖሻZKHUHݑᇱሺݖሻDQG
ݑᇱᇱሺݖሻDUH UHVSHFWLYHO\ WKH ILUVW DQG VHFRQG GHULYDWLYHV RIݑሺݖሻ 7KH RULJLQDO FRQWH[W RI WKLV GHILQLWLRQ ZDV IRU
XWLOLW\IXQFWLRQVRIZHDOWKRUPRQH\ZKLFKPHDQVLW LVSUHVXPHGWKDWRQHVHHNVWRPD[LPL]HWKHYDOXHRIݖ7KLV
PHDVXUHRIULVNDYHUVLRQLVXVHIXOIRUVWXG\LQJKRZDGHFLVLRQPDNHU¶VULVNDWWLWXGHFKDQJHVZLWKݖDQGKDVVHYHUDO
WKHRUHWLFDO LPSOLFDWLRQV )RU H[DPSOH LW LV NQRZQ WKDW LIݎሺݖሻLV FRQVWDQW WKHQ RQH¶V XWLOLW\ IXQFWLRQPXVW EH DQ
H[SRQHQWLDOIXQFWLRQRIWKHIRUPݑሺݖሻ ൌ െܽ݁ି௥௭ ൅ ܾZKHUHݎLVWKHFRQVWDQWYDOXHRIݎሺݖሻDQGܽ ൐ Ͳ
3ULRU$SSURDFKHVIRU4XDQWLI\LQJ5REXVWQHVV
3.1. Kitano’s Biological Robustness Scores 
%LRORJLFDOV\VWHPVDUHFRQVLGHUHGKLJKO\UREXVWWRSHUWXUEDWLRQVDQGWKXVWKHLUVWXG\PD\EHLQIRUPDWLYHDERXW









7KH TXDQWLILFDWLRQ SURFHGXUH EHJLQV E\ LGHQWLI\LQJ WKH SRWHQWLDO SHUWXUEDWLRQV WR WKH V\VWHP DQG WKH V\VWHP
IXQFWLRQVWKDWPLJKWEHLPSDFWHGE\WKRVHSHUWXUEDWLRQV2QHFRPSXWHVDGHYLDWLRQYDOXHIRUHDFKFRPELQDWLRQRI









ZKHUH ௔݂ሺͲሻLV WKH QRPLQDO SHUIRUPDQFH RI IXQFWLRQܽDQG ௔݂ሺ݌ሻLV WKH SHUIRUPDQFH RI WKDW IXQFWLRQ JLYHQ WKDW D
SHUWXUEDWLRQRFFXUVDWOHYHO݌)URPWKLVEDVLV.LWDQRGHILQHVWKHUREXVWQHVVRIV\VWHPIXQFWLRQܽRIV\VWHPܵDV







WKH QDWXUH RI ௔݂ሺڄሻ VXFK WKDW LW LV SRVLWLYHO\ YDOXHG ERXQG DERYH E\ ௔݂ሺͲሻDQG ௔݂ሺͲሻ ് Ͳ ,W DOVR DVVXPHV WKDW
SHUIRUPDQFHOHYHOVERWKQRPLQDODQGXQGHUSHUWXUEDWLRQFDQEHNQRZQZLWKFHUWDLQW\
(DFKV\VWHPIXQFWLRQZLOOKDYHDGLIIHUHQWHYDOXDWLRQIXQFWLRQYDOXHDQGWKHUHIRUHDGLIIHUHQWUREXVWQHVVYDOXH
$Q DGYDQWDJHRI WKLV DSSURDFK LV LW DOORZV HDFK IXQFWLRQ WR EH DQDO\]HG VHSDUDWHO\ \LHOGLQJPXOWLSOH UREXVWQHVV
VFRUHV 7KLV FDQ SURYLGH RQH ZLWK LQFUHDVHG LQVLJKW LQWR ZKLFK DVSHFWV RI D V\VWHP DUH QRQUREXVW DQG ZKLFK
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SHUWXUEDWLRQVWKLVLVHQFRXQWHUHG,QHQJLQHHULQJVXFKLQIRUPDWLRQFDQEHWKHILUVWVWHSLQWDNLQJUHPHGLDOPHDVXUHV
WRLPSURYHUREXVWQHVVLQNH\DUHDV
3.2. Second Central Moment in Taguchi’s Robust Design 
5REXVW'HVLJQDOVRUHIHUUHGWRDV4XDOLW\(QJLQHHULQJLVDQDSSURDFKXVHGE\HQJLQHHUVWRGHVLJQV\VWHPVDQG




)XQGDPHQWDOO\ 5REXVW 'HVLJQ LV D SDUDPHWULF RSWLPL]DWLRQ VFKHPH LQ ZKLFK RQH VHHNV D VROXWLRQ WKDW LV
LQVHQVLWLYHWRVPDOOWRPRGHUDWHSHUWXUEDWLRQVRIWKHRSHUDWLQJSRLQWRUFKDUDFWHULVWLFVRIWKHV\VWHP7RIRUPXODWHD
UREXVW GHVLJQ SUREOHP PDWKHPDWLFDOO\ RQH UHTXLUHV D ZD\ WR IRUPDOL]H KRZ ODFN RI UREXVWQHVV UHGXFHV WKH
GHVLUDELOLW\ RI D V\VWHP7KH EDVLV IRUPRVW UREXVW GHVLJQPHWKRGV²JRLQJ EDFN WR WKHZRUN RI 7DJXFKL²LV WKH
TXDGUDWLF ORVV IXQFWLRQ7\SLFDOO\ WKLV LVFDVWDVD WDUJHWVHHNLQJVFHQDULRDGHVLUHG WDUJHWYDOXHݐ LVNQRZQIRU
VRPHUHVSRQVHRILQWHUHVWݕ7KHORVVIXQFWLRQLVWKHVTXDUHGGLIIHUHQFHEHWZHHQWKHUHVSRQVHDQGWDUJHWYDOXHV

ܮሺݕǡ ݐሻ ൌ ሺݕ െ ݐሻଶ

7KH SUHPLVH IRU WKLV LV WKDW GHYLDWLRQV IURP WKH WDUJHW DUH XQGHVLUDEOH DV WKH\PHDQ VRPH ORVV RI TXDOLW\ LQ WKH
SURGXFWRUV\VWHP,QJHQHUDO WKHUHVSRQVHLVDIXQFWLRQRIFRQWUROODEOHYDULDEOHVݔDQGQRLVHYDULDEOHVݖ7KXV





ܧሾሺ݂ሺݔǡ ݖሻ െ ݐሻଶሿ

VXEMHFWWR݃௜ሺݔǡ ݖሻ ൑ Ͳ݅ ൌ ͳǡǥ ǡ ݊(TXDOLW\FRQVWUDLQWVVHOGRPDUHXVHGLQWKHUREXVWGHVLJQOLWHUDWXUH
7KURXJKDOJHEUDLFPDQLSXODWLRQRQHFDQUHIRUPXODWHWKHH[SHFWHGORVVIXQFWLRQDV





ZKHUHߤ௬DQGߪ௬ଶDUH UHVSHFWLYHO\ WKHPHDQ DQG YDULDQFH RI UHVSRQVHݕ 7KXV WKH UREXVW GHVLJQ REMHFWLYH LV WR
VLPXOWDQHRXVO\PLQLPL]HYDULDELOLW\DQGGHYLDWLRQIURPWDUJHWDQGresponse variance is interpreted as a measure of 
robustnessLQDQLQYHUVHVHQVHZLWKODUJHUYDULDQFHEHLQJOHVVUREXVW
$XWKRUVKDYHJHQHUDOL]HG WKHDSSURDFK WRDOORZRQH WR UHZHLJKW WKH WHUPV ܧሾܮሿ ൌ ݓߪ௬ଶ ൅ ሺͳ െ ݓሻ൫ߤ௬ െ ݐ൯
ଶ

ZKHUHͲ ൏ ݓ ൏ ͳ$QRWKHUYDULDWLRQLVWRGHDOZLWKWKHVTXDUHURRWRIWKHLQGLYLGXDOWHUPVRIܧሾܮሿ7KXVRQHPLJKW
XVHܧሾܮ෨ሿ ൌ ߪ௬ ൅ ൫ߤ௬ െ ݐ൯ ZKLFK SXWV WKH HTXDWLRQ LQ WKH XQLWV RI WKH UHVSRQVH YDULDEOH +RZHYHU WKLV LV QRW
LGHQWLFDOWRWDNLQJWKHVTXDUHURRWRIWKHHQWLUHH[SHFWHGORVVHTXDWLRQGXHWRWKHQRQOLQHDULW\RIWKHVTXDUHURRW
6RPHIRUPXODWHDUREXVWGHVLJQSUREOHPDVDPXOWLREMHFWLYHRSWLPL]DWLRQSUREOHPLQZKLFKPHDQUHVSRQVHDQG










PLQLPL]H WKH UHVSRQVH YDULDEOHݕ UDWKHU WKDQ DFKLHYH D SDUWLFXODU WDUJHW YDOXH7KLV JRHV EDFN WR7DJXFKLZKR
SURSRVHG GLIIHUHQW WHFKQLTXHV IRU HDFK RI WKH VLWXDWLRQV  ([WHQVLRQV DOVR H[LVW IRU UREXVW GHVLJQ ZLWK PXOWLSOH
UHVSRQVHVLHݕLVDYHFWRU
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'HFLVLRQ%DVHG$QDO\VLVRI5REXVWQHVV4XDQWLILFDWLRQ6FKHPHV
4.1. Kitano’s Biological Robustness Scores 
7KHUREXVWQHVVVFRUHVSURSRVHGE\.LWDQRPD\EHXVHIXOIRUJHQHUDWLQJLQVLJKWLQWRH[LVWLQJELRORJLFDOV\VWHPV
EXW WKH\ DUH RI OLPLWHG XVH LQ WKH GHVLJQ RI HQJLQHHUHG V\VWHPV 6RPH FKDOOHQJHV RI DSSO\LQJ WKLV DSSURDFK LQ
V\VWHPVHQJLQHHULQJSURMHFWVLQFOXGH

x Perturbations are assumed to be mutually exclusive7KLVLVHYLGHQWLQWKDWWKHSUREDELOLWLHVRIWKHSHUWXUEDWLRQV
LVSUHVXPHGWRVXPWRXQLW\6XFKLQGHSHQGHQFHRIHYHQWVLVUHDVRQDEOHLQPDQ\FDVHVEXWLVDSRRUJHQHUDO
DVVXPSWLRQ7KLVLVSDUWLFXODUO\SUREOHPDWLFIRUHQJLQHHUHGV\VWHPVZKHUHRQHSHUWXUEDWLRQFDQWULJJHURWKHUV















\RXKDYH WZRDOWHUQDWLYH LPSOHPHQWDWLRQVGHQRWHGܽԢDQGܽԢԢDQG WKHUHDUH WZRHTXDOO\ OLNHO\SHUWXUEDWLRQV WR WKH
V\VWHP$VVXPH ௔݂ሺͲሻ ൌ ͳIRUERWKDOWHUQDWLYHVDQGWKHSHUIRUPDQFHOHYHOVXQGHUSHUWXUEDWLRQDUHDVJLYHQLQ7DEOH
 %RWK DOWHUQDWLYHV KDYH WKH VDPH UREXVWQHVV VFRUH LQ WKLV H[DPSOH EXW PRVW HQJLQHHUV ZRXOG DJUHH WKDW WKHLU














4.2. Variance-based Schemes 
7KH XVH RI YDULDQFH WR TXDQWLI\ UREXVWQHVV FDQ EH FRQVLVWHQW ZLWK GHFLVLRQ WKHRU\ EXW RQO\ XQGHU UHVWULFWLYH
DVVXPSWLRQV 7KLV LVVXH KDV UHFHLYHG PXFK DWWHQWLRQ LQ WKH GHFLVLRQ WKHRU\ DQG HFRQRPLFV OLWHUDWXUH 7KH
SUREOHPIRUPXODWLRQLQ(TXDWLRQLVFRQVLVWHQWZLWKH[SHFWHGXWLOLW\GHFLVLRQPDNLQJLIWKHGHFLVLRQPDNHUKDVD
TXDGUDWLFXWLOLW\IXQFWLRQRYHUWKHUHVSRQVHYDULDEOHHJݑሺݖሻ ൌ െܽݖଶ ൅ ܾݖ+RZHYHUWKHUHLVQRMXVWLILFDWLRQWR
DVVXPHWKDWWKLVXWLOLW\IXQFWLRQLVDSSURSULDWHIRUGHFLVLRQPDNHUVLQV\VWHPVHQJLQHHULQJSURMHFWV4XDGUDWLFXWLOLW\





7KHPXOWLREMHFWLYHIRUPXODWLRQ LQ(TXDWLRQ LV LQVRPHVHQVHFRQVLVWHQWZLWKH[SHFWHGXWLOLW\ WKHRU\XQGHU
FHUWDLQUHVWULFWLYHDVVXPSWLRQV,IDGHFLVLRQPDNHULVDULVNDYHUWHUDQGWKHGLVWULEXWLRQRIWKHUHVSRQVHYDULDEOHLV
RQH RI D KDQGIXO RI FRPSDWLEOH W\SHV²QRUPDO ORJQRUPDO DQG XQLIRUP DUH NQRZQ WR ZRUN²WKHQ DOWHUQDWLYHV
HOLPLQDWHGE\3DUHWRGRPLQDQFHLQWKHPHDQYDULDQFHVSDFHDVLPSOLHGE\(TXDWLRQDUHJXDUDQWHHGWRQRWEH
WKHPRVWSUHIHUUHGDOWHUQDWLYHLQDSURSHUO\FRQVWUXFWHGH[SHFWHGXWLOLW\GHFLVLRQSUREOHP7KLVVXJJHVWVWKDWDOO
RWKHU IDFWRUVEHLQJHTXDO D V\VWHPVHQJLQHHU VKRXOGPLQLPL]HYDULDQFH+RZHYHUGRLQJVRPD\QRWSURGXFH WKH
GHVLUHGUHVXOWV
&RQVLGHU WKH FDVH RI D ULVN DYHUWLQJ GHFLVLRQ PDNHU ZKRVH XWLOLW\ IXQFWLRQ LVݑሺݖሻ ൌ ͳ െ ݁ି௭  6XSSRVH WZR
DOWHUQDWLYHV DUH DYDLODEOH WR WKLV GHFLVLRQPDNHU ERWKZLWK HTXDOPHDQV EXW XQHTXDO YDULDQFH$FFRUGLQJ WR WKH
UREXVWGHVLJQSHUVSHFWLYHWKHGHFLVLRQPDNHUVKRXOGVHOHFWWKHDOWHUQDWLYHZLWKWKHVPDOOHUYDULDQFH+RZHYHUWKLV
LVWKHRSSRVLWHRIZKDWWKH\VKRXOGGRDFFRUGLQJWRWKHXWLOLW\IXQFWLRQ7DEOH








,W LV FOHDU IURP WKLV H[DPSOH WKDW variance minimization and risk aversion are not synonymous 7KLV LV DQ
XQLQWXLWLYH EXW FUXFLDOO\ LPSRUWDQW UHVXOW ,W XQGHUVFRUHV WKH OLPLWHG YDOXH RI YDULDQFH DV D TXDQWLILFDWLRQ RI
UREXVWQHVV$OWKRXJKDXWKRUVRIWHQZULWH DERXW UREXVWQHVVXVLQJ WHUPV OLNH ³LQVHQVLWLYH´ZKDW V\VWHPVHQJLQHHUV




5.1. General Objections to Quantifying Robustness for Decision Making 
$OWKRXJKZHXQGHUVWDQGWKHLPSXOVHWRTXDQWLI\WKLQJVOLNHUREXVWQHVV WKHUHDOLW\LVWKDW WKHUHVXOWPD\EHQRW
XVHIXORUZRUVHFRXQWHUSURGXFWLYHZKHQLWFRPHVWRGHFLVLRQPDNLQJ7KHUHDOLW\LVWKDWHIIHFWLYHJHQHUDOPHWKRGV
DOUHDG\ H[LVW IRU PDNLQJ GHFLVLRQV XQGHU XQFHUWDLQW\ 7R DSSO\ PHWKRGV EDVHG RQ Y10 H[SHFWHG XWLOLW\ WKHRU\
UHTXLUHVRQO\ WKDWGHFLVLRQPDNHUVKDYHSUHIHUHQFHV WKDWDUHFRQVLVWHQWZLWK WKHD[LRPVRI WKH WKHRU\ ,IGHFLVLRQ
PDNHUVIRUPDOL]HWKHLUSUHIHUHQFHVLQWKHIRUPRIDXWLOLW\IXQFWLRQWKH\ZLOOYDOXHWKHGHFLVLRQDOWHUQDWLYHVLQDZD\
WKDW DFFRXQWV IRU ERWK SUHIHUHQFH RULHQWDWLRQ VKRXOG WKH ILJXUH RIPHULW EHPD[LPL]HG RUPLQLPL]HG" DQG ULVN
DWWLWXGH7KHODWWHURIWKHVHLVWKHPRVWSHUWLQHQWIURPWKHVWDQGSRLQWRIUREXVWQHVV




GHSHQGHQW RQRQH DQRWKHU7KLVPDNHV LW GLIILFXOW WR HOLFLW D XWLOLW\ IXQFWLRQ DQG UDLVHV WKHSRVVLELOLW\ RI FUHDWLQJ
PXOWLSOHILJXUHVRIPHULWWKDWHIIHFWLYHO\³GRXEOHFRXQW´WKHVDPHWKLQJ1RWHWKDWVSRWWLQJDPHDQVREMHFWLYHLVQRW
DOZD\V WULYLDO7RGHWHUPLQHZKHWKHUDQREMHFWLYH LVDPHDQVREMHFWLYHDVN WKHTXHVWLRQ³ZK\GR\RXFDUHDERXW




LQDQVZHUVVXFKDV³EHFDXVHDQRQUREXVWV\VWHPLV OHVV OLNHO\ WRDFKLHYHPLVVLRQREMHFWLYHV´RU³EHFDXVHDQRQ
UREXVWV\VWHPZLOOKDYHKLJKHURSHUDWLQJFRVWV´7KLVLVDFOHDUVLJQWKDWWKHPRUHIXQGDPHQWDOREMHFWLYHV²LQWKHVH
H[DPSOHVPLVVLRQ VXFFHVV DQG RSHUDWLQJ FRVWV²VKRXOG EH WKH EDVLV IRU GHFLVLRQPDNLQJ 3HUKDSV VRPHPD\ EH
LQFOLQHGWRDUJXHWKDWDWWULEXWHVOLNHPLVVLRQVXFFHVVDQGRSHUDWLQJFRVWVDUHGLIILFXOWWRTXDQWLI\+RZHYHUVXFKDQ
DUJXPHQWLVK\SRFULWLFDODWEHVWJLYHQWKHREYLRXVGLIILFXOWLHVRITXDQWLI\LQJUREXVWQHVV
5.2. A General Approach to Formulating Decision Problems in Systems Engineering 
*LYHQ WKH IODZV LQ VSHFLILF DSSURDFKHV WR TXDQWLI\LQJ UREXVWQHVV DQG WKH JHQHUDO DUJXPHQW DJDLQVW UREXVWQHVV
TXDQWLILFDWLRQ LW VHHPV SUXGHQW WR IRUJR UREXVWQHVV DV DQ LQGHSHQGHQW ILJXUH RI PHULW 7KH IROORZLQJ DEVWUDFW
SURFHGXUH EDVHGRQ H[SHFWHGXWLOLW\ WKHRU\ DQG DGYRFDWHGE\RWKHUV LQ WKH V\VWHPV HQJLQHHULQJ FRPPXQLW\ LV D
PRUH JHQHUDO DQG WUXVWZRUWK\ DSSURDFK IRU IRUPXODWLQJGHFLVLRQV LQ V\VWHPV HQJLQHHULQJ ,W LV EDVHGRQ D YDOXH
GULYHQSHUVSHFWLYH EXW RQH FDQPRGLI\ LW HDVLO\ WRXVH VXEMHFWLYH WUDGHRIIPRGHO DV LV WKH FDVH LQPXOWLDWWULEXWH
XWLOLW\WKHRU\






Develop broadly-valid system performance models.,WLVLQVXIILFLHQWWRPRGHOWKHV\VWHPXQGHUQRPLQDO
FRQGLWLRQV2XWSXWVRIWKHVHPRGHOVZLOOEHLQSXWVWRWKHYDOXHPRGHO(QJLQHHUVPXVWPRGHOV\VWHP
SHUIRUPDQFHRYHUZLGHUDQJHVRIVLWXDWLRQVVRWKH\FDQHYDOXDWHWKHYDOXHORVVDVVRFLDWHGZLWKSHUWXUEDWLRQV





5.3. Open Issues 
$OWKRXJKPHWKRGVEDVHGRQH[SHFWHGXWLOLW\WKHRU\SURYLGHDVVXUDQFHVWKDWWKHGHFLVLRQVUHDFKHGZLOOEHORJLFDO
DQGVHOIFRQVLVWHQWWKH\DUHQRWQHFHVVDULO\HDV\WRGHSOR\ZLWKLQDV\VWHPVHQJLQHHULQJRUJDQL]DWLRQ7KHSUDFWLFDO
DSSHDORITXDQWLI\LQJD VOHZRIPHWULFV UREXVWQHVV WKH³LOLWLHV´HWF LV WKDWSURMHFWPDQDJHUVFDQSURYLGHFOHDU
LQVWUXFWLRQVWRHYHU\HQJLQHHU³JRPD[LPL]HWKHVHWKLQJVIRU\RXUVXEV\VWHP´7KHSUREOHPZLWKH[SHFWHGXWLOLW\
LV WKDW LW LVQRW UHDGLO\GHFRPSRVDEOH5HVHDUFK LVQHHGHGRQKRZWRGHSOR\GHFLVLRQPHWKRGVRI WKLV W\SHZLWKLQ
HQJLQHHULQJ RUJDQL]DWLRQV 6RPH ZRXOG DUJXH IRU V\VWHPV HQJLQHHULQJ WR EH PRGHOHG DV D ODUJH RSWLPL]DWLRQ
SURFHVV DQG WKHUHIRUH WXUQ WR PXOWLGLVFLSOLQDU\ GHVLJQ RSWLPL]DWLRQ 0'2 PHWKRGV IRU JXLGDQFH RQ SUREOHP
GHFRPSRVLWLRQ$QRWKHUDOWHUQDWLYHLVWRFRQFHSWXDOL]HHQJLQHHUVDVLQGHSHQGHQWDJHQWVWKDWVKRXOGEHFRRUGLQDWHG
WKURXJKLQFHQWLYHVRURWKHUJDPHWKHRUHWLFPHFKDQLVPV)XUWKHUVWXG\LVQHHGHG
$QRWKHU RSHQ LVVXH LV HGXFDWLRQ All HQJLQHHUV GHYRWH FRQVLGHUDEOH WLPH DQG HIIRUW WR PDVWHULQJ FHUWDLQ
SKHQRPHQDDQGSURFHGXUHVIRUDQDO\]LQJHQJLQHHUHGV\VWHPVManyHQJLQHHUVDOVRVWXG\KRZWRV\QWKHVL]HQRYHO
V\VWHPV WKURXJK LQQRYDWLRQ DQG FUHDWLYLW\PHWKRGV DQG KRZ WR LPSURYH V\VWHPV WKURXJK RSWLPL]DWLRQPHWKRGV
+RZHYHU fewHQJLQHHUVVWXG\GHFLVLRQPDNLQJ7KLV LV WKHFDVHGHVSLWH WKHIDFW WKDWDOOHQJLQHHUVPDNHGHFLVLRQV
WKDW KDYH D FULWLFDO LPSDFW RQ WKH VXFFHVV RU IDLOXUH RI D SURMHFW 7RGHSOR\GHFLVLRQPHWKRGV JURXQGHG LQ Y10
H[SHFWHG XWLOLW\ WKHRU\ VXFFHVVIXOO\ RUJDQL]DWLRQV ZLOO KDYH WR HGXFDWH WKHLU HQJLQHHUV DERXW WKH IRXQGDWLRQV RI
GHFLVLRQPDNLQJDQGWKHDVVRFLDWHGPHWKRGV
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6XPPDU\
,W LVFOHDU WKDWUREXVWQHVV LVQRWDPHDQLQJOHVV WHUP7KRVHZKRVHHN WRGHYHORSUREXVWV\VWHPVIXQGDPHQWDOO\
SUHIHUWRDYRLGWKHGRZQVLGHFRQVHTXHQFHVDVVRFLDWHGZLWKSHUWXUEDWLRQVIURPQRPLQDOV\VWHPRSHUDWLRQ+RZHYHU
LWDOVR LVFOHDU WKDW WKH WHUPKDV OLWWOHSUDFWLFDOYDOXH LQHQJLQHHULQJGHFLVLRQPDNLQJ7ZRRI WKHPRVWGHYHORSHG
VFKHPHVIRUTXDQWLI\LQJUREXVWQHVV²WKHUREXVWQHVVVFRUHVGHVFULEHGE\.LWDQRDQGVHFRQGFHQWUDOPRPHQWVDVXVHG
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